Step-like growth of the continental crust in South China:evidence from detrital zircons in Yangtze River sediments by Liang, Zheng-Wei et al.
 1 
Step-like growth of the continental crust in South China: evidence from detrital zircons 1 
in Yangtze River sediments 2 
 3 
Zheng-Wei Lianga,b*, Shan Gaoa,b , Chris J. Hawkesworthc, Yuan-Bao Wua,b, Craig D. 4 
Storeyd, Lian Zhoua, Ming Lia, Zhao-Chu Hua, Yong-Sheng Liua,b, Xiao-Ming Liue 5 
 6 
a State Key Laboratory of Geological Processes and Mineral Resources, China University of 7 
Geosciences, Wuhan 430074, China 8 
b School of Earth Sciences, China University of Geosciences, Wuhan 430074, China 9 
c Earth Sciences Department, University of Bristol, Bristol BS8 1RJ, UK 10 
d School of Earth and Environmental Sciences, University of Portsmouth, Portsmouth PO1 11 
3QL, UK 12 
e State Key Laboratory of Continental Dynamics, Department of Geology, Northwest 13 
University, Xi'an, 710069, China 14 
 15 
* Corresponding author. Postal address: State Key Laboratory of Geological Processes and 16 
Mineral Resources, China University of Geosciences, Wuhan 430074, China. 17 
Tel: +86 187 7106 1286.  18 
Email address: Liangzhengwei2016@cug.edu.cn; Liangzhengwei2012@icloud.com19 
 2 
ABSTRACT 20 
Detrital zircons from nine river sand samples from the upper, middle and lower streams 21 
of the Yangtze River (the world’s third largest river) and its two largest tributaries, the Han 22 
and Jialing rivers have been analyzed for U–Pb–Lu–Hf–O isotope compositions. Zircons 23 
from the upper Yangtze River cluster in age groups at 0–100, 200–300, 400–500, 700–1000, 24 
1800–1900 and 2300–2500 Ma, with a marked peak at 41 Ma diagnostic of magmatism on 25 
the Tibetan Plateau. Zircons from the middle and lower Yangtze River and its tributaries 26 
exhibit broadly similar age groups at 100–300, 400–500, 700–900, 1800–2000 and 2300–27 
2700 Ma, except for the lack of Cenozoic ages. 28 
The Yangtze River catchment is covered by thick Phanerozoic sedimentary rocks and 29 
so Archean-aged zircons are likely to be under-represented in modern river sands. We 30 
therefore applied the approach of Dhuime et al. (2012) to calculate a crustal growth curve for 31 
South China, and the resultant curve has two inflections. The older inflection at ~2.8 Ga is 32 
slightly younger than that of Dhuime et al. (2012), suggesting the onset of plate tectonics in 33 
the Yangtze Craton. The younger inflection at ~1.8 Ga appears to mark the onset of another 34 
period of relatively high crustal growth rate in South China. This period of increased crustal 35 
growth rate in the Mesoproterozoic is coeval with the breakup of the supercontinent 36 
Columbia, suggesting that the Mesoproterozoic crustal growth in South China may be related 37 
to supercontinent dispersal. 38 
Comparison with global crustal growth curves based on detrital zircons highlights the 39 
distinct step-like pattern of crustal growth in South China. This emphasizes the potential of 40 
comparing regional with global crustal growth curves, and the changes in the rates of crustal 41 
growth in South China appear to have been controlled by changes in regional geodynamics. 42 
The maximum δ18O values in the zircons analyzed increase markedly at the end of the 43 
Archaean, and these increases therefore accompany the estimated increases in atmospheric 44 
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oxygen at that time. It is therefore suggested the atmospheric O2 levels were associated with 45 
increased crustal weathering, the development of more elevated δ18O sediments and their 46 
increasing incorporation in the generation of crustally derived magmas from ca. 2.5 Ga. 47 




1. INTRODUCTION 51 
The continental crust is a major consequence of Earth's differentiation. Its formation 52 
influences the compositions of the mantle and the atmosphere (Hawkesworth and Kemp, 53 
2006; Lee et al., 2016), and it has been argued, for example, that the rise in atmospheric 54 
oxygen is linked to the formation and evolution of the continental crust (Lee et al., 2016). 55 
Thus, the rates of growth of the continental crust, and how that has changed with time, 56 
remain fundamental questions in Earth sciences. Clastic sediments and sedimentary rocks 57 
provide accessible samples for studying the chemical composition and growth of the 58 
continental crust for elements that are relatively insensitive to weathering (Rudnick and Gao, 59 
2003). Zircon, a common accessory mineral in sedimentary rocks, is resistant to high 60 
temperature and pressure alteration even after recycling into mantle depths (Claoue-Long et 61 
al., 1991; Zheng et al., 2006a). Zircon can be precisely analyzed in situ for U–Pb ages and for 62 
Lu–Hf–O isotopes and trace element compositions by Secondary Ionization Mass 63 
Spectrometry (SIMS) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry 64 
(LA–(MC)ICP–MS). Integration of zircon U–Pb–Lu–Hf–O isotope compositions constrains 65 
the age and nature of the magmas from which the zircons crystallized. Detrital zircons from 66 
large rivers sample zircons in the exposed rocks of large drainage areas, and they have 67 
therefore been widely used to study the formation and evolution of the continental crust 68 
(Iizuka et al., 2010). 69 
The Yangtze River is the world’s third largest river with a total length of 6,418 km and 70 
a total drainage area of 1,808,500 km2, which accounts for almost one fifth of the land area of 71 
China. Iizuka et al. (2010) analyzed U–Pb ages and Hf isotopic compositions of detrital 72 
zircons from one sand sample collected in the lower reaches of the Yangtze River at Nanjing. 73 
He et al. (2013) determined U–Pb ages and Hf isotope ratios of detrital zircons from ten sand 74 
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samples along the Yangtze River and its tributaries. However, neither of these studies 75 
reported zircon oxygen isotopic compositions, which remain critical in identifying zircons 76 
that crystallized from magmas that contain contributions from sediments, which are 77 
themselves often mixtures of material from different source terrains. Thus, the Hf model ages 78 
of zircons from magmas that include a sedimentary contribution remain difficult to interpret 79 
(Hawkesworth et al., 2010; Hawkesworth and Kemp, 2006; Kemp et al., 2006).  80 
In this study, we report U–Pb ages and Lu–Hf–O isotope compositions of detrital 81 
zircons from nine sand samples from the upper, middle and lower streams and at the mouth 82 
of the Yangtze River, and from two of its largest tributaries, the Han and Jialing rivers (Fig. 83 
1). These results are integrated with the results from previous studies (He et al., 2013; Iizuka 84 
et al., 2010; Li et al., 2012; Liu et al., 2008; Wang et al., 2011) and provide new insights into 85 
the formation and evolution of the crust in South China. 86 
 87 
2. GEOLOGICAL BACKGROUND AND SAMPLING 88 
The Yangtze River originates in the Tanggula Mountain, the eastern part of the 89 
Qinghai-Tibetan Plateau and empties into the East China Sea. It traverses a number of 90 
different tectonic units, including the Northern Qiangtang Terrane, the Songpan–Ganze Fold 91 
Belt, the Qinling-Dabie Orogenic Belt, the Yangtze Craton and the Cathaysia Block (Fig. 1). 92 
The upper reaches of the Yangtze River are divided into three parts, downstream, from west 93 
to east: the Tuotuo River, the Tongtian River and the Jinsha River (Fig. 1). Three sand 94 
samples were collected from the Tuotuo, Tongtian and Jinsha rivers, three are from the Han 95 
and Jialing rivers, and the remaining three samples are from the Yangtze River itself. The 96 
sample information is given in Table 1. 97 
The Qiangtang Terrane lies in the north-central Tibetan Plateau. It is divided into the 98 
Northern and Southern Qiangtang Terranes separated by a high-pressure metamorphic belt in 99 
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the central part (Chen et al., 2016 and references therein). The only dated basement rocks in 100 
the whole of the Qiangtang Terrane are orthogneisses with ages of 476–471 Ma from the 101 
Duguer Mountain (Pullen et al., 2011). Paleoproterozoic crustal basement may underlie this 102 
area, although this has yet to be established geochronologically (Peng et al., 2015). The NQT 103 
is mainly covered by Triassic–Cretaceous sedimentary rocks with minor volumes of Late 104 
Plaeozoic sediments (Peng et al., 2015 and references therein). The youngest age of ~618 Ma 105 
for detrital zircons from the Ningduo Group indicate that the oldest sedimentary rocks in the 106 
NQT are Late Neoproterozoic in age (He et al., 2011). Triassic igneous rocks mainly outcrop 107 
along the southern margin of the NQT (Chen et al., 2016). The rocks with younger Hf model 108 
ages of ca. 1.0 Ga are thought to have been formed by the melting of subducted oceanic crust, 109 
whereas those with older Hf model ages of ~1.7–2.1 Ga are considered to have been derived 110 
from the Proterozoic crustal basement (Peng et al., 2015). Cenozoic volcanic rocks are 111 
widespread in the Qiangtang Terrane, ranging in age from 65 to 26 Ma (Xia et al., 2011). 112 
The Songpan–Ganze Fold Belt (SGFB) is composed of middle to late Triassic flysch 113 
sediments with thicknesses of up to 15 km (Bruguier et al., 1997). The proximal provenances 114 
of these flysch sediments are considered to be the Qinling-Dabie Orogen (Weislogel et al. 115 
2006) and the southern margin of the North China Craton (Bruguier et al., 1997; Weislogel et 116 
al. 2006), together with minor contributions from the Kunlun arc and the Yangtze Craton 117 
(Bruguier et al., 1997). Triassic post-collision adakites and granitoids are widely distributed 118 
in the Songpan–Ganze Fold Belt (Zhang et al., 2006a). Detrital zircons from Triassic 119 
sediments and river sands within the SGFB cluster in four age groups at 250–280, 400–450, 120 
1850–1950 and 2400–2500 Ma (He et al., 2013; Weislogel et al., 2006; Zhang et al., 2014). 121 
The Nd model ages of these rocks range from ca. 1.3–1.6 Ga suggesting that there is 122 
unexposed Proterozoic basement in the SGFB (Zhang et al., 2006a). Detrital zircons from the 123 
Triassic flysch sediments exhibit three major age peaks at 0.2–0.5, 0.75–1.0 and 1.7–2.0 Ga, 124 
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and the Hf isotopic data indicate that the Neoarchean was an important period of continental 125 
growth, and that the Phanerozoic was dominated by crustal reworking with insignificant 126 
addition of juvenile crust (Zhang et al., 2014). 127 
The drainage area of the Yangtze River includes the South Qinling and South Dabie–128 
Sulu Orogenic Belts, both of which are thought to belong to the northern margin of the 129 
Yangtze Craton (Chen and Jahn, 1998; Dong et al., 2011). The South Qinling Orogenic Belt 130 
consists of Meso-Neoproterozoic basement intruded by a number of Neoproterozoic plutons 131 
and large swarms of Early Paleozoic mafic and felsic rocks (Wang et al., 2017). These rocks 132 
are covered by Neoproterozoic to Triassic sedimentary sequences (Dong et al., 2011). 133 
Triassic granitoids typically outcrop in the western South Qinling Orogenic Belt (Dong et al., 134 
2011 and references therein; Luo et al., 2012). They have whole rock Nd model ages ranging 135 
from 1.35–1.70 Ga and zircon Hf model ages of 0.94–1.5 Ga, suggesting Meso-136 
Paleoproterozoic crustal sources (Luo et al., 2012). The Dabie–Sulu Orogenic Belt is the 137 
eastward extension of the Qinling Orogenic Belt. Mesozoic magmatism in the Dabie Orogen 138 
is post-collisional and composed of voluminous early Cretaceous granitoids with minor 139 
gabbros (Chen et al., 2002). 140 
The Yangtze Craton underlies nearly 70 % of the drainage area of the Yangtze River 141 
and its tributaries (Fig. 1). The basement of the Yangtze Craton is dominated by 142 
Neoproterozoic rocks with sporadic outcrops of Archean rocks in the Kongling Terrane (Guo 143 
et al., 2014) and Zhongxiang (Zhou et al., 2015). The Kongling Terrane consists of Archean 144 
TTG-granitic gneisses and metasediments (Guo et al., 2014 and references therein) and it 145 
includes the oldest known rocks in South China which are granitic gneisses dated at 3.45 Ga. 146 
They have Hf model ages which vary from 3.6–3.9 Ga (Guo et al., 2014), reaffirming the 147 
existence of ca. 3.8 Ga old continental crust remnants in the Yangtze Craton (Zhang et al., 148 
2006c). Crustal xenoliths from Paleozoic lamproite diatremes in the Yangtze Craton have 149 
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zircon ages of 2.9–2.8 Ga and 2.6–2.5 Ga, implying widespread Archean basement to the 150 
Yangtze Craton (Zheng et al., 2006a). Proterozoic 1.8–2.0 Ga metamorphism and magmatism 151 
was also widespread in South China (Zhang et al., 2006b), and there are voluminous late 152 
Mesoproterozoic to Neoproterozoic mafic to felsic volcanic and intrusive rocks, especially 153 
those with ages of 830–740 Ma, in the northern and northwestern part of the Yangtze Craton 154 
(Zhao and Zhou, 2008). Early Paleozoic granitoids, mostly dated at 435–470 Ma, are 155 
common in the eastern Yangtze Craton (Guan et al., 2014), and Mesozoic rocks, mainly 156 
exposed in the middle and lower reaches of the Yangtze River, are represented by Late 157 
Jurassic and Early Cretaceous granitoids and gabbros (Xie et al., 2011). Early Cretaceous 158 
volcanic rocks dominated by rhyolite and dacite, and subordinate basalt and basaltic andesite, 159 
are also reported in this region (Xie et al., 2011).  160 
The Yangtze River catchment covers the northern part of the Cathaysia Block (CB), 161 
where the basement is dominated by Neoproterozoic and minor Paleoproterozoic rocks (Zhao 162 
and Cawood, 2012). Detrital zircons from the Badu complex reveal four age groups of 3.7–163 
3.6 Ga, 3.2–3.0 Ga, 2.7–2.6 Ga and ~2.5 Ga (Yu et al., 2012). Their Hf model ages suggest 164 
three major crustal growth periods at 2.5 Ga, 2.8 Ga and 3.5–3.3 Ga, as well as two minor 165 
periods at ~3.7 Ga and 4.0 Ga (Yu et al., 2012), indicating that Archean crust may have 166 
existed in the Cathaysia Block. Early Paleozoic granitoids are widespread (Li et al., 2010b 167 
and references therein), and Mesozoic magmatic rocks, formed as a response to tectonic 168 
regime change from the continent-continent collision in the Early Mesozoic to the largely 169 
extensional setting in the Late Mesozoic, are abundant in the Cathaysia Block (Zhou et al., 170 
2006).  171 
 172 
3. ANALYTICAL METHODS 173 
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More than 10 mg of zircon was separated by conventional magnetic and heavy liquid 174 
methods for each sample. To minimize preferential selection, regardless of color, size, shape, 175 
and transparency, zircons were selected and mounted along with fragments of zircon 176 
standards 91500 (Wiedenbeck et al., 2004), Penglai (Li et al., 2010a), Temora (Black et al., 177 
2004) and Plešovice (Sláma et al., 2008) on double-sided adhesive tapes, which were then 178 
cast in epoxy resin in 25mm-diameter mounts. The mounts were then ground and polished to 179 
expose the centers of the zircon grains. All zircons were documented with optical 180 
photomicrographs using transmitted light (Fig. 2) to identify grains with inclusions and 181 
cracks to be avoided during subsequent in situ U–Pb, Lu–Hf and O analyses. Dilute HNO3 182 
and pure ethanol were used to clean the surface of the grain mounts in order to avoid surface 183 
Pb contamination before analysis. 184 
 185 
3.1 CL imaging 186 
Cathodoluminescence imaging (CL) was used to determine the internal structures of 187 
zircons and to help select optimum spots for in situ analysis. The imaging was done at the 188 
State Key Laboratory of Continental Dynamics, Xi’an, China, using a FEI Quanta 400 FEG 189 
high resolution emission field environmental scanning electron microscope connected to an 190 
Oxford INCA350 energy dispersive system (EDS) and a Gatan Mono CL3+ system. The 191 
working distance for the CL system was 8.4 mm, while the EDS used a spot size of 6.7 nm 192 
with an accelerating voltage of 10 kV. 193 
 194 
3.2 Oxygen isotope analysis 195 
Because LA–ICP–MS analysis results in relatively large pits, oxygen isotopes were 196 
analyzed by SIMS before U–Pb ages and Lu–Hf isotopes were determined by LA–ICP–MS 197 
and LA–MC–ICP–MS. Oxygen isotope ratios of detrital zircons from samples CJ02 and 198 
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HJ02 (online supplementary Table 1) were determined using a double-focusing, multi-199 
collector Cameca IMS 1270 SIMS at the University of Edinburgh in October 2008. Detailed 200 
operating conditions, instrumental correction and data processing procedures are as reported 201 
by Kemp et al. (2006). Zircon 91500 was used as the primary standard to correct for 202 
instrumental mass fractionation (IMF). The standard zircons Penglai and Temora-2 were 203 
treated as unknown samples during the run, and they yielded average values of 5.13±0.52 ‰ 204 
(2 SD, n = 27) and 8.00±0.74 ‰ (2 SD, n = 24), respectively. These values are in agreement, 205 
within uncertainty, with the recommended values of 5.30±0.10 ‰ (Li et al., 2010a) and 8.00–206 
8.20 ‰ (Black et al., 2004), respectively. 207 
Oxygen isotopic ratios of zircons from all the other sand samples and of additional 208 
zircons from CJ02 (online supplementary Table 2) were analyzed using a double-focusing, 209 
multi-collector Cameca SIMS 1280 ion microprobe at the Institute of Geology and 210 
Geophysics, Chinese Academy of Sciences, Beijing in June and October 2011. The Cs+ 211 
primary ion beam was accelerated at 10 kV, with an intensity of ~2 nA, and rastered over a 212 
10 μm distance. The spot size was about 20 μm. Isotopes 16O and 18O were collected 213 
simultaneously using two Faraday cups and a mass resolution of 2500. The instrumental mass 214 
fractionation factor (IMF) was corrected using standard zircon Penglai with a δ18OVSMOW 215 
value of 5.30±0.10 ‰ (Li et al., 2010a). The reproducibility of standard zircon 91500 was 216 
generally better than 0.24 ‰ (1 SD), and the internal precision of a single analysis for 217 
18O/16O ratios was generally between 0.1‰ and 0.4 ‰ (2 SE). The standard zircon 91500 218 
treated as an unknown during this analysis session, gave an average δ18O value of 10.29±0.48 219 
‰ (2 SD, n = 42), which is consistent within analytical uncertainty with the recommended 220 
value of 9.94±0.10 ‰ (Wiedenbeck et al., 2004). Detailed analytical techniques and data 221 
processing procedures were similar to those described by Li et al. (2010a). 222 
 223 
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3.3 U–Pb dating 224 
U–Pb dating of all the detrital zircons (online supplementary Tables 1 and 2) was 225 
conducted by LA–ICP–MS at the State Key Laboratory of Geological Processes and Mineral 226 
Resources, China University of Geosciences, Wuhan. Laser sampling was performed using a 227 
GeoLas 2005 ArF excimer laser, with a wavelength of 193nm and a pulse width of ~15 ns. 228 
An Agilent 7500a ICP–MS instrument was used to acquire ion-signal intensities. The 229 
diameter of the laser ablation craters was 32 μm with an energy density of 8 J/cm2. The laser 230 
was fired at a frequency of 6 Hz. Helium was used as a carrier gas with a flow rate of 0.6 231 
L/min. Argon was used as the make-up gas with a flow rate of 0.78 L/min and mixed with the 232 
carrier gas via a T-connector before introduction to the ICP. Nitrogen with a flow rate of 3 233 
mL/min was added into the central gas flow of the Ar plasma to reduce the detection limit 234 
and improve sensitivity and precision (Hu et al., 2008). The sampling depth was 5 mm, and 235 
this parameter together with the carrier and make-up gas ﬂows were optimized by ablating 236 
NIST SRM 610 to obtain maximum signal intensity for 208Pb, while keeping low ThO/Th and 237 
Ca2+/Ca+ ratios to minimize the matrix-induced interferences. The RF power is 1350 W. The 238 
plasma gas flow rate is 15 L/min, and the auxiliary gas flow rate is 1L/min. Dwell times were 239 
set to be 10 ms for 232Th, 15 ms for 238U, 208Pb and 204Pb, 20 ms for 206Pb and 207Pb and 6 ms 240 
for 201Hg. The detector mode is dual (pulse and analog). Each analysis consisted of 241 
background signals of 20–30 s and data signals of ca. 50 s. 242 
The off-line selection and integration of background and analytic signals, and time-drift 243 
correction and quantitative calibration for U–Pb dating were performed by ICPMSDataCal 244 
(Liu et al., 2010). Common Pb correction was made following the method of Andersen 245 
(2002). The corrections are negligible in most cases. Zircon 91500 was used as the external 246 
standard reference material for U–Pb dating. The standard reference zircons GJ-1 and 247 
Plešovice were treated as unknowns and they yielded average 206Pb/238U ages of 598±17 Ma 248 
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(2SD, n=95) and 330±13 Ma (2SD, n=33), respectively, which are in agreement with the ID-249 
TIMS 206Pb/238U age range of 599.8±1.7 Ma for GJ-1 (Jackson et al., 2004) and 337.13±0.37 250 
Ma for Plešovice (Sláma et al., 2008). 251 
 252 
3.4 Lu–Hf isotopic analysis 253 
Only zircons with 90%–110% U–Pb age concordance were selected for Hf isotope 254 
analysis, and these were done in the same site, or in the same domain, where O isotope and 255 
U–Pb age determinations were measured. 256 
Lu–Hf isotopes of zircons (online supplementary Table 1) analyzed for oxygen isotopic 257 
ratios at the University of Edinburgh were determined using a Nu Plasma HR MC–ICP–MS 258 
(Nu Instruments Ltd., UK), coupled to a GeoLas 2005 excimer ArF laser-ablation system 259 
hosted at the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an. 260 
The laser energy density used was 15–20 J.cm-2, with a spot size of laser beam was 44 μm in 261 
diameter and a pulse rate of 10 Hz. Helium was used as the carrier gas. The abundance 262 
sensitivity was 7–8 V per 1% for 180Hf at 44 μm. Other detailed operating conditions and 263 
instrumental correction and data processing procedures are reported in Yang et al. (2009). 264 
The data quality was monitored by analyzing standard reference zircons GJ-1 and Temora-2, 265 
which yielded average values of 0.282014 ± 0.000059 (2 SD, n=31) and 0.282660 ± 266 
0.000063 (2 SD, n=31), respectively. These values are in close agreement with the reported 267 
values of 0.282015 ± 0.000019 (2 SD, n= 25) for GJ-1 (Elhlou et al., 2006) and 0.282686 ± 268 
0.000008 for Temora-2 (Woodhead et al., 2004). 269 
Lu–Hf isotopes of all the other zircons (online supplementary Table 2) were analyzed 270 
on a Neptune Plus MC–ICP–MS (Thermo Fisher Scientific, Germany) coupled with a Geolas 271 
2005 excimer ArF laser ablation system (Lambda Physik, Göttingen, Germany) at the State 272 
Key Laboratory of Geological Processes and Mineral Resources, China University of 273 
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Geosciences, Wuhan. A combination of newly designed X skimmer cone and jet sample cone 274 
was used for the in situ Hf isotope analysis. The laser beam was 44 μm in diameter with an 275 
energy density of 5.3 J/cm2 and a frequency of 8 Hz. A “wire” signal smoothing device was 276 
used in order to produce smooth signals (Hu et al., 2012a). Detailed operating conditions for 277 
the laser ablation system and the MC–ICP–MS instrument are described by Hu et al. (2012b). 278 
A major difficulty in obtaining accurate in situ Hf isotopic compositions by LA–MC–279 
ICP–MS is the isobaric interference from 176Yb and 176Lu on 176Hf (Woodhead et al., 2004). 280 
The mass fractionations of Hf and Yb were calculated using values of 0.7325 for 179Hf/177Hf 281 
and 1.13017 for 173Yb/171Yb, respectively (Segal et al., 2003). The mass bias of Yb was used 282 
to calculate the mass fractionation of Lu due to their similar physicochemical properties. 283 
Interference of 176Lu on 176Hf was corrected by measuring the intensity of the interference-284 
free 175Lu isotope and using the recommended 176Lu/175Lu ratio of 0.02656 (Blichert-Toft et 285 
al., 1997); similarly, the 176Yb interference was corrected using the measured intensity of 286 
interference-free 173Yb and 176Yb/173Yb =0.7938 (Segal et al., 2003). The off-line selection 287 
and integration of analytical signals, and mass bias calibrations were performed using 288 
ICPMSDataCal (Liu et al., 2010). 289 
Time-drift correction and external calibration were determined using zircon standard 290 
91500. Our measured values of the standard reference zircons GJ-1 and Temora-2 as 291 
unknowns are 0.282018 ± 0.000027 (2 SD, n=78) and 0.282687 ± 0.000030 (2 SD, n=53), 292 
respectively, which are in good agreement with the recommended values of the previous 293 
studies (Woodhead et al., 2004; Elhlou et al., 2006). 294 
In this study, the parameters and methods of calculation are as follows: the 176Lu decay 295 
constant of 1.867×10-11 yr-1 (Scherer et al., 2001) and the recommended chondritic values of 296 
176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008) were adopted to 297 
calculate the single-stage model age, the two-stage model age and εHf(t). Two-stage Hf model 298 
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ages, TDM2 and TDM20.0115, were calculated. TDM2 and TDM20.0115 were calculated assuming that 299 
new crust was derived from a depleted mantle source with a present-day 176Hf/177Hf = 300 
0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al., 2002). The 176Lu/177Hf ratios of the source 301 
regions used to calculate TDM2 were constrained by zircon grains of different ages with 302 
mantle-like oxygen isotopes. For comparison, TDM20.0115 shown in Fig. 8 assumes a mean 303 
crustal 176Lu/177Hf ratio of 0.0115 (Rudnick and Gao, 2003). The εHf(t) is defined by parts per 304 
104 deviation of 176Hf/177Hf between the sample value and the chondritic value, where t is the 305 
time when the zircon crystallized. 306 
 307 
4. RESULTS 308 
4.1 U–Pb ages 309 
In order to select the more reliable zircon ages we only consider zircon U–Pb ages with 310 
90–110% concordance, following the approach by Amelin et al. (2000). Because of the low 311 
radiogenic 207Pb content in young zircons, it can be difficult to obtain accurate ages, and so 312 
207Pb/206Pb ages were adopted for zircons with ages of ≥ 1.0 Ga and 206Pb/238U ages for 313 
zircons with ages < 1.0 Ga. 314 
 315 
4.1.1 Tuotuo, Tongtian and Jinsha rivers 316 
Sample 09TTH04 was collected from the Tuotuo River near the headwater (Fig. 1; 317 
Table 1). One hundred and twenty-six zircon grains were dated from this sample, of which 318 
114 grains are concordant. These concordant zircons define two major age populations at 0–319 
100 Ma with a peak at 41 Ma and 200–300 Ma, which make up 26.9 % and 16.5 % of the 320 
total concordant grains, respectively. There are also four smaller age groups at 400–500 Ma, 321 
700–1000 Ma with two small peaks at 780 and 950 Ma, 1400–1500 Ma and 1800–1900 Ma, 322 
and two grains have ages of 2658±17 Ma and 2629±17 Ma (Fig. 3a, d). 323 
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Sample 09TTH02 is from the Tongtian River (Fig. 1; Table 1). One hundred and thirty-324 
two concordant zircons out of 141 grains from this sample show three major age groups at 0–325 
100 Ma with a peak at 41 Ma, 200–300 Ma and 400–500 Ma, with three smaller age groups 326 
at 700–1000 Ma, 1800–1900 Ma and 2400–2700 Ma. Thirteen grains younger than 100 Ma 327 
were identified comprising 10 % of the concordant grains (Fig. 3b, e). 328 
Sample YNJSJ was collected from the Jinsha River in Yunnan Province (Fig. 1; Table 329 
1). This sample had 106 concordant zircons out of 117 grains, they show one major age 330 
group at 700–900 Ma, a diffuse group at 1.8–2.0 Ga and three restricted groups at 0–100 Ma, 331 
200–300 Ma and 400–500 Ma. Only five grains have ages younger than 100 Ma, accounting 332 
for less than 7 % of the total dated grains. One zircon has an age of 3128 ± 33 Ma (Fig. 3c, f). 333 
 334 
4.1.2 Yangtze River 335 
Three samples were collected from the Yangtze River. Sample CJ04 is from the upper 336 
reaches at Chongqing (Fig. 1; Table 1). Fifty-six zircon grains were dated, of which forty-five 337 
grains are concordant. The concordant zircons define a distinct population at 700–900 Ma, 338 
which accounts for 40 % of the zircons, with four smaller age groups at 100–300 Ma, 400–339 
550 Ma, 1700–1800 Ma and 2400–2500 Ma (Fig. 4a, d). 340 
Sample CJ02 was taken from the middle reaches at Wuhan (Fig. 1; Table 1). One 341 
hundred and forty-five zircons were dated from this sample, of which one hundred and 342 
sixteen grains are concordant. The concordant zircons define two major groups at 100–300 343 
Ma with a peak at ~130 Ma and 600–900 Ma, with three smaller groups at 400–500 Ma, 344 
1800–2000 Ma and 2400–2500 Ma (Fig. 4b, e). 345 
Sample CJ07 was taken at the mouth of the Yangtze River at Shanghai (Fig. 1; Table 346 
1). One hundred and nine concordant zircons out of a total of 130 grains have two major age 347 
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groups at 100–300 Ma and 700–900 Ma. In addition, there is one 1.3 Ga zircon and four 1.7–348 
2.4 Ga zircons (Fig. 4c, f). 349 
 350 
4.1.3 Jialing River 351 
Sample JLJ02 was collected at the confluence of the Jialing River with the Yangtze 352 
River at Chongqing (Fig. 1; Table 1). It contains significantly more Archean and 353 
Paleoproterozoic zircons than the other samples. One hundred and eight concordant zircons 354 
out of 127 grains dated from this sample exhibit five age groups at 100–300 Ma with two 355 
small peaks at ~180 and 250 Ma, ~400–500 Ma, 700–900 Ma, 1800–2000 Ma with a peak at 356 
ca.1.9 Ga and 2400–2600 Ma. One zircon has an age of 3158±41 Ma (Fig. 5a, e). 357 
 358 
4.1.4 Han River 359 
Two samples were collected along the Han River. Sample HJ02 was taken at the end of 360 
the middle reach at Zhongxiang (Fig. 1; Table 1), seventy zircon grains were dated from this 361 
sample, of which sixty-two grains are concordant. These concordant grains exhibit three 362 
major age populations at 100–300 Ma with a peak at 205 Ma, 400–500 Ma and 700–800 Ma. 363 
Four Paleoproterozoic zircons ranging in age from 1700–2400 Ma are also present (Fig. 5c, 364 
g). 365 
The second sample, HJ01, was collected at the confluence of the Han River with the 366 
Yangtze River at Wuhan (Fig. 1; Table 1), and it yielded 112 concordant grains out of 122 367 
zircons dated. They define three prominent age groups at 100–300 Ma with a peak at 210 Ma, 368 
400–500 Ma with a peak at 446 Ma and 700–900 Ma. Four zircons are older than 1.5 Ga 369 
(Fig. 5b, f). 370 
 371 
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In summary, sample 09TTH04, 09TTH02 and YNJSJ are from the upper reaches of the 372 
Yangtze River, and remaining samples are from the middle and lower reaches of the Yangtze 373 
River. Zircons from the upper Yangtze River have age groups at 0–100 Ma, 200–300 Ma, 374 
400–500 Ma, 700–1000 Ma, 1800–1900 Ma and 2300–2500 Ma. There is a striking peak at 375 
41 Ma on samples from the uppermost reaches diagnostic of igneous rocks on the Tibetan 376 
Plateau, whereas those from the middle and lower Yangtze River and its tributaries exhibit 377 
broadly similar age groups at 100–300 Ma, 400–500 Ma, 700–900 Ma, 1800–2000 Ma and 378 
2300–2700 Ma, except that they lack Cenozoic zircons (Fig. 5d, h). 379 
 380 
4.2 Oxygen isotopes 381 
Oxygen isotopic compositions of zircons are often divided into three groups: mantle-382 
like (4.7–6.0 ‰; Spencer et al., 2014), and those with δ18O < 4.7 ‰ and > 6.0 ‰, 383 
respectively. The results for the concordant zircons in the different samples are plotted in Fig. 384 
6, 510 zircons were analyzed for O isotopes, of which 448 zircons are concordant. Of the 385 
concordant zircons, ~23 % (n=104) have mantle-like δ18O values and 70 % (n=314) and 386 
~7 % (n=31) have higher and lower δ18O values, respectively, The concordant and discordant 387 
zircons have similar δ18O distributions (Fig. 6j). 388 
 389 
4.3 Hf isotopes 390 
The Hf isotope ratios are summarized in Fig. 7. The range in εHf(t) tends to increase as 391 
the crystallization ages of the zircons decrease. Zircons older than 2.4 Ga have a relatively 392 
small range in εHf(t) between -8 and +8, except for one grain with a value of ca. -12. The 393 
Paleo- and Mesoproterozoic zircons are characterized by negative εHf(t) values, and they 394 
show a slightly broader range of εHf(t) from -12 to +12. Zircons dated at 100–300 Ma and 395 
700–900 Ma have similar distribution patterns in εHf(t) ranging from highly negative to 396 
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coeval depleted mantle values (ca. -32 to +16). In contrast, the 400–500 Ma zircons exhibit a 397 
small range from ca. -10 to +12. The youngest zircon population displays a narrow range 398 
from ca. -3 to +3 (Fig. 7j). 399 
 400 
5. DISCUSSION 401 
5.1 Distribution of U–Pb crystallization ages  402 
Zircons from the upper, middle and lower reaches of the Yangtze River define six age 403 
groups at 0–100 Ma with a striking peak at ca. 41 Ma, 200–300 Ma, 400–500 Ma, 700–900 404 
Ma, 1800–2000 Ma and 2400–2700 Ma. These are similar to the results of Iizuka et al. 405 
(2010) and He et al. (2013), except for the lack of a significant amount of Cenozoic zircons in 406 
the data of Iizuka et al. (2010). This presumably reflects the one sample from which zircons 407 
were analyzed, and that it was collected at Nanjing, in the lower reaches of the Yangtze 408 
River. 409 
The Jialing River rises from the Western Qinling Orogen, flows across the Sichuan 410 
basin and joins the Yangtze River in Chongqing. The Han River originates from the South 411 
Qinling Orogen and joins the Yangtze River in Wuhan (Fig. 1). Both rivers drain entirely 412 
from within the Yangtze Craton, and the detrital zircons from the two rivers are sourced from 413 
the northern and northwestern part of the Yangtze Craton. As seen in Fig. 5, zircons from 414 
both Han and Jialing rivers have similar age populations with groups at 100–300 Ma, 400–415 
500 Ma and 700–900 Ma, although the 400–500 Ma zircon population is not so well 416 
developed in the Jialing River. The zircons from the Han River have very few 417 
Paleoproterozoic and Archean zircons, in contrast to those from the Jialing River (Fig. 5). 418 
This may be because the Jialing River drains the Sichuan basin, which sampled old sediments 419 
formed by weathering and erosion of rocks around the basin. 420 
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Paleoproterozoic and Archean zircons account for only ~6% and 4% of all the zircons 421 
analyzed, reflecting the scarcity of outcrops of rocks of these ages in the Yangtze Craton 422 
(e.g., Guo et al., 2014; Zhou et al., 2015). Nonetheless, the Archean-Paleoproterozoic zircons 423 
(2.4–2.7 Ga) have similar ages to the 2.5–2.6 Ga zircons from crustal xenoliths from 424 
lamproite diatremes (Zheng et al., 2006a) and the ~2.5–2.6 Ga A-type granite in the Yangtze 425 
Craton (Zhou et al., 2015), reaffirming the widespread Archean basement underneath the 426 
Yangtze Craton (Zheng et al., 2006a). The 1.8–2.0 Ga age group is similar in age to 427 
collisional and post-collisional events in the Yangtze Craton (Peng et al., 2012), presumably 428 
resulting from the assembly of the Columbia supercontinent (Zhao et al., 2002). 429 
All the river samples from the Yangtze Craton have a dominant population at 700–900 430 
Ma, which matches well with the ages of widespread mid-Neoproterozoic magmatism along 431 
the western, northern, northwestern and southeastern margins of the Yangtze Craton (Zhao 432 
and Zhou, 2008, 2013). This magmatism is thought to be linked to the breakup of the Rodinia 433 
(Li et al., 2008 and references therein), although it has also been associated with slab 434 
subduction during the amalgamation of the Yangtze Craton and Cathaysia Block (Zhao and 435 
Zhou, 2013).  436 
Early Paleozoic zircons occur in all the samples analyzed. These zircons cluster in a 437 
prominent age group at 400–500 Ma, corresponding to an Early Paleozoic intraplate orogenic 438 
event in South China (Guan et al., 2014; Li et al., 2010b). The felsic intrusions in the 439 
intraplate orogen are dominated by S-type granites (Guan et al., 2014), and so most of these 440 
zircon grains have negative εHf(t) down to values of -10 (Fig. 7). In the South Qinling Belt, 441 
the Early Paleozoic magmatic belt is mainly composed of intermediate and mafic magmatic 442 
rocks, which are thought to represent a significant phase of crustal extension in the northern 443 
margin of the Yangtze Craton (Wang et al., 2017). These rocks may be the source of zircons 444 
with positive εHf(t) values from the Han River (Fig. 7h, i). 445 
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As stated above, the late Paleozoic and Mesozoic zircons from the upper reaches of the 446 
Yangtze River cluster at 200–300 Ma with an age peak at ~230 Ma, whereas those grains 447 
from the middle and lower reaches have an age group at 100–300 Ma (Fig. 5d, h). Early 448 
Mesozoic granitoids dominated by middle to late Triassic post-collisional granites are widely 449 
distributed in the Qiangtang Terrane (Chen et al., 2016). These rocks have ages ranging from 450 
ca. 240 to 210 Ma (Chen et al., 2016; Peng et al., 2015), marking the final closure of the 451 
Paleo-Tethys Ocean and associated continent–continent collision between the Southern and 452 
Northern Qiangtang terranes. The age peak at ~230 Ma from the upper reaches appears to 453 
reflect the igneous rocks associated with this collisional event. 454 
Early Mesozoic granitoids are also widespread in the South Qinling Belt (Sun et al., 455 
2002), including the 235–250 Ma granitoids mainly exposed in the western part of the West 456 
Qinling (Zeng et al., 2014), and slightly younger rocks with ages of 205–220 Ma, attributed 457 
to collision between the North China and Yangtze cratons in the Triassic (Sun et al., 2002). A 458 
few scattered Late Mesozoic granitoids (170–100 Ma) are also exposed in this region (Wang 459 
et al., 2013), consistent with the Mesozoic age population in the detrital zircons from the 460 
Yangtze River. The Tuotuo River originates and flows through the Qiangtang Terrane (Fig. 461 
1), where Cenozoic volcanic rocks with ages between 65 and 26 Ma are widespread (Xia et 462 
al., 2011). This explains why the 0–100 Ma zircons dominate the zircon ages in sample 463 
09TTH04 from the Tuotuo River (Fig. 3). Zircons from the Tongtian River have similar age 464 
populations to those in the Tuotuo River, except for the difference in the proportion of each 465 
age group (Fig. 3). The greater proportions of 200–300, 400–500 and 1800–1900 Ma age 466 
populations, together with fewer Cenozoic zircons, is probably due to contributions from 467 
sediments eroded along the mainstream in the Songpan–Ganze upstream of sample 09TTH02. 468 
The 0–100 Ma zircons in the Tuotuo River sample have a prominent age peak at 41 Ma, 469 
corresponding to magmatism associated with the collision between the Indian and Asian 470 
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plates (Xia et al., 2011 and references therein). This is only found in the uppermost reaches, 471 
and the proportion of these zircons exponentially decreases, downstream, along the Yangtze 472 
River. The 41 Ma peak has completely disappeared somewhere upstream of Chongqing, 473 
where the detrital zircons are dominated by zircons from older sources carried by the 474 
tributaries in the downstream region.  475 
 476 
5.2 Crustal growth and evolution of the main tectonic units within the drainage area 477 
As discussed in Section 2, the Yangtze River catchment covers five tectonic units, 478 
including the Northern Qiangtang Terrane, the Songpan–Ganze Fold Belt, the South Qinling-479 
Dabie Orogenic Belt, the Yangtze Craton and the Cathaysia Block (Fig. 1). U–Pb–Hf isotopic 480 
compositions for zircons from one river sand sample collected in the lower reaches of the 481 
Yangtze River, and from ten samples along the Yangtze River and its tributaries have been 482 
reported by (Iizuka et al. 2010) and (He et al., 2013). He et al. (2013) also estimated the 483 
crustal growth rates of the upper, middle and lower segments of the Yangtze drainage area.  484 
It is widely accepted that zircon crystallization involves at least a two-stage process (e.g. 485 
Campbell and Hill (1988)): (i) extraction of mafic magma from the mantle by partial melting; 486 
(ii) remelting of the protocrust to form felsic magma, from which most zircons crystallize. Hf 487 
two-stage depleted mantle model ages (TDM20.0115) were therefore calculated for all zircons 488 
assuming an average continental crust 176Lu/177Hf ratio of 0.0115 (Rudnick and Gao, 2003) 489 
for the source regions of the magmas from which the zircons crystallized (Griffin et al., 2002). 490 
Fig. 8 illustrates the distribution of Hf model ages (TDM0.0115) for zircons from samples 491 
collected from river locations situated in the different tectonic units. 492 
The Qiangtang Terrane, in the central to north of the Tibetan Plateau, has received 493 
increasing attention, although its record of crustal growth and evolution is still not clear. 494 
Sample 09TTH04 was collected close to the headwater in the Qiangtang Terrane (Fig. 1), and 495 
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so it offers some new constraints. The crustal model ages have two major groups at 0.9–1.1 496 
Ga and 1.7–1.8 Ga, and a small one at 2.6–2.7 Ga (Fig. 8a). The two major age groups are 497 
similar to the Hf two-stage model ages (TDM0.0115), clustered at 0.8–1.0 Ga and 1.6–1.9 Ga, 498 
for zircons from the Triassic granitoids and volcanic rocks in the Northern Qiangtang Terrane 499 
(Peng et al., 2015 and references therein). The small age population at 2.6–2.7 Ga indicates 500 
that the crustal growth in the Qiangtang Terrane started in the Late Archaean. 501 
The evolution of the Songpan–Ganze Fold Belt can now be constrained from the crust 502 
formation ages of zircons from sample 09TTH02. In Fig. 8b these are compared with the 503 
model ages for detrital zircons from Triassic sediments that overlie this belt (Zhang et al., 504 
2014). The results of Zhang et al. (2014) and those presented here have similar Hf model 505 
ages spectra with a wide range of model ages at 0.9–1.8 Ga and 2.5–2.8 Ga, together with a 506 
small peak at 2.0–2.1 Ga. However, these ages should be treated cautiously when considering 507 
the growth and evolution of the SGFB, as the provenance of these Triassic sediments is still a 508 
matter of debate. For example, sources in the North China Craton appear also to have made a 509 
minor contribution to these Triassic sediments (Bruguier et al., 1997; Weislogel et al. 2006).  510 
The South Qinling–Dabie Orogenic Belt, is traditionally considered to belong to the 511 
North margin of the Yangtze Craton (e.g., Chen and Jahn, 1998; Dong et al., 2011). The Han 512 
River and the Jialing River, originating from the South Qinling–Dabie Orogen, drain entirely 513 
within the Yangtze Craton (Fig. 1) and so the South Qinling–Dabie Orogenic Belt is included 514 
as a part of the Yangtze Craton in the discussion of models of crustal growth. 515 
The Yangtze Craton occurs across most of the catchment area. Our samples collected 516 
within the Yangtze Craton were therefore used to evaluate its crustal growth and evolution. 517 
The crust formation ages from our zircons indicate two episodes of crustal growth in South 518 
China, one broad period of 1.0–1.8 Ga with a peak at 1.0–1.4 Ga, and a period with fewer 519 
zircons at 2.5–2.9 Ga (Fig. 8c), similar to the results of Iiuzka et al. (2010) and He et al. 520 
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(2013). The major growth period in the Paleo- to Mesoproterozoic (1.0–2.0 Ga) is also 521 
observed in the compilation of Nd model ages from different rock types in the Yangtze 522 
Craton, which highlights that the Paleo- to Mesoproterozoic was a significant period in the 523 
growth and evolution of the Yangtze Craton (Chen and Jahn, 1998).  524 
For comparison, we also calculated the crustal model ages of the Northern Cathaysia 525 
Block based on U–Pb–Hf isotopic data for zircons from Li et al. (2012) and He et al. (2013). 526 
Unlike that of the Yangtze Craton, the distribution of crustal model ages reveals three major 527 
episodes at 0.5–1.2, 1.3–1.8 and 2.0–2.5 Ga, with four small groups at 2.7–2.8, 2.9–3.0, 3.1–528 
3.2 and 3.4–3.5 Ga (Fig. 8d). Compilation of Nd model ages from granitoids, volcano-529 
sedimentary and clastic sedimentary rock centers on a broad peak at ca.1.6–2.7 Ga (Chen and 530 
Jahn, 1998), consistent with the two major periods of crustal model ages based on detrital 531 
zircons from Li et al. (2012) and He et al. (2013). Crustal model ages from both detrital 532 
zircons and Nd isotope ratios of different rock types indicate that much of the Cathaysia 533 
Block was formed during the Paleo- to Mesoproterozoic. 534 
 535 
5.3 Crustal growth periods based on zircons with constraints from oxygen isotopes 536 
Zircon two-stage Hf model ages are used to constrain the periods of crustal growth. 537 
However, such ages may be the result of mixing if the parental magmas incorporate reworked 538 
material from different source terrains and hence contain ambiguous geological information 539 
(Hawkesworth and Kemp, 2006). Oxygen isotope data have therefore been used to screen out 540 
zircons with elevated δ18O values that are more likely to contain recycled sedimentary 541 
material (Hawkesworth and Kemp, 2006; Kemp et al., 2006; Valley et al., 2005). 542 
Hf depleted mantle model ages are sensitive to the selected 176Lu/177Hf ratio of the 543 
crustal source rocks. Such model ages may, for example, be up to 500 Ma older if the 544 
176Lu/177Hf ratio of mafic crust is used rather than that of upper continental crust (Wang et al., 545 
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2009). To minimize the uncertainties of Hf crustal formation ages, we have tried to constrain 546 
the crustal-source 176Lu/177Hf ratios from εHf(t)-age arrays defined by zircons with mantle-547 
like δ18O values (e.g., Hawkesworth et al., 2010; Kemp et al., 2006). 548 
Zircons with mantle-like δ18O values from the Yangtze River and its tributaries define 549 
five linear arrays (Fig. 9). The first three and the last array yield 176Lu/177Hf = 0.020–0.025, 550 
which is in the range for mafic crust (176Lu/177Hf = 0.019–0.028; Amelin et al., 1999; 551 
Hawkesworth et al., 2010). However, the fourth array yields 176Lu/177Hf = 0.016, similar to 552 
the values for the middle continental crust (176Lu/177Hf = 0.013; Rudnick and Gao, 2003). 553 
To make the calculation simple and clear, the model ages have been calculated using 554 
crustal-source 176Lu/177Hf ratios of 0.020 obtained from Fig. 9 for all the zircons with mantle-555 
like δ18O values, and upper crustal 176Lu/177Hf ratios of 0.0083 for zircons with elevated δ18O. 556 
Fig. 10 shows the distribution of crustal formation ages based on two-stage Hf model ages for 557 
zircons for which oxygen isotope analyses are available. Zircons with mantle-like and 558 
crustal-like oxygen isotopic values have different model age distributions, highlighting that 559 
the model ages of samples that may contain contributions from sedimentary material tend to 560 
be more variable. The TDM2 of mantle-like zircons clearly shows two major crustal growth 561 
periods at 1.4–1.6 Ga with a peak at ca. 1.5 Ga, and 2.8–3.0 Ga with a peak at ca. 2.9 Ga (Fig. 562 
10). In contrast, zircons with elevated δ18O values have two broad peaks in the range 0.8–1.8 563 
Ga, with small peaks at ca. 0.9 Ga, ca.1.1 Ga, 1.2 Ga, 1.5 Ga and 2.3–2.8 Ga (Fig. 10). 564 
 565 
5.4 Crust generation curves of South China and global comparison 566 
The Yangtze drainage area is covered by thick Phanerozoic sedimentary rocks. Exposed 567 
Archean rocks are confined to a very small area of 360 km2 (Guo et al., 2014) at Yichang 568 
(Fig. 1). This accounts for < 0.02 % of the total drainage area, even though much of the 569 
drainage basin is underlain by Archean crust (Liu et al., 2008; Zheng et al., 2006a). Thus in 570 
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any study that seeks to sample bulk crustal compositions Archean zircons will be under-571 
represented in the modern river sand samples (Cawood et al., 2013). To overcome this 572 
problem, we apply the approach of Dhuime et al. (2012). We refer to the Hf model ages of 573 
zircons with δ18O=4.7–6.0 ‰ and δ18O>6.0 ‰ as new crust formation ages and hybrid model 574 
ages, respectively. We then estimate proportions of new crust formation ages through time by 575 
using the number of zircons with δ18O=4.7–6.0 ‰ relative to the total number of zircons with 576 
δ18O>4.7 ‰. The proportions are calculated in 100 Ma time intervals based on detrital 577 
zircons with oxygen isotope data from this study (online supplementary Tables 1 and 2), as 578 
well as zircons with oxygen isotope data from volcaniclastic and clastic sedimentary rocks 579 
(Wang et al., 2011), middle to late Permian sediments (Li et al., 2012) from South China and 580 
two Neoproterozoic sedimentary rocks LT07 and GCH01 (Table 1) in the northern Yangtze 581 
Craton (X. M. Liu’s paper in preparation for submission) (Fig. 11a). Following Dhuime et al. 582 
(2012) we then apply the obtained proportions of new crust formation ages to all the available 583 
detrital zircons with Hf isotopes in South China (He et al., 2013; Iizuka et al., 2010; Li et al., 584 
2012; Liu et al., 2008; Wang et al., 2011) to calculate the distributions of new and reworked 585 
crust and the variations in the rates of reworking of the continental crust in South China 586 
through time (Fig. 11b). This then is the basis for the derivation of continental crustal growth 587 
curves for South China (Fig. 11c). The variations of the reworked crust through time is given 588 
by the distribution of the crystallization ages of zircons with Hf model ages much older than 589 
their crystallization ages. In this way, the bias of the geological record toward the younger 590 
material is to some degree circumvented. However, it should also be noted that crustal 591 
growth curves calculated using the method by Dhuime et al. (2012) are minimal estimates, 592 
both because some crust is thought to be rapidly recycled such that it does not leave an 593 
isotopic record (cf. Armstrong, 1981), and because zircons tend to crystallize from relatively 594 
evolved magmas and so more mafic crust may be under-represented (Cawood et al. 2013; 595 
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Hawkesworth et al., 2018). 596 
Fig. 12 compares the crustal growth curve for South China with models for the growth 597 
of the bulk continental crust. As such it contrasts a crustal growth curve developed from a 598 
regional data set with those for global models, and highlights some of the differences. Apart 599 
from the curves of Hurley and Rand (1969) and Armstrong (1981), the global crustal growth 600 
curves are based on studies of detrital zircons. Belousova et al. (2010) utilized detrital zircon 601 
U–Pb age and Lu–Hf isotope data to develop two crustal growth curves based on crustal Hf 602 
model ages from a global dataset, and on the GLAM (Global Lithospheric Architecture 603 
Mapping) model. The crustal growth curves constrained by oxygen isotopes (curve 5 and the 604 
green curve) tend to have greater volumes of crust generated by 3 Ga, than those for which O 605 
isotopes are not available. 606 
Compared with growth curves based on more global compilations, the curve for South 607 
China is more step-like, reflecting periods of increased crustal growth at 1.4–1.6 Ga, and 2.8–608 
3.0 Ga. It therefore has some similarities with the Condie and Aster (2010) curve which is 609 
based on the present-day distribution of juvenile rocks of different ages. Significantly, the 610 
curve for South China is also similar to the bulk crust growth curve of Dhuime et al. (2012) 611 
until the end of the Archaean. This may be because it is more difficult to resolve differences 612 
in the growth curves before 3 Ga, or, perhaps because, at least in some models, plate 613 
tectonics only became dominant at ~ 3 Ga (e.g. Dhuime et al., 2012; Hawkesworth et al 2017; 614 
2018), regional variations in crust formation ages only started to develop at that time.  615 
The crustal growth curve for South China (the green solid curve in Fig. 12) shows two 616 
inflections, one at ~2.8 Ga and the other at ~1.8 Ga (Fig. 11c, 12). The older inflection at 617 
~2.8 Ga is slightly younger than that of Dhuime et al. (2012) at ~3.0 Ga, which is interpreted 618 
to indicate when plate tectonics became dominant. The observed inflection at ca. 3.0 Ga in 619 
the crustal growth curve of Dhuime et al. (2012) highlights a change in the rate of crustal 620 
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growth. There is little evidence for changes in the rates at which new continental crust was 621 
generated at that time, and so the reduction in the rate of crustal growth is attributed to an 622 
increase in the rates at which continental crust was destroyed. In most models this is linked to 623 
plate tectonics becoming the dominant regime controlling crustal growth (e.g. Cawood et al. 624 
2013; Hawkesworth et al 2017, 2018). Thus the reduction in the rate of crustal growth for 625 
South China at ~2.8 Ga may reflect the initiation of plate tectonics in the Yangtze Craton. 626 
This would have increased the rates of crustal recycling and hence resulted in the lower 627 
crustal growth between ~2.8 Ga and ~1.8 Ga. The younger inflection at ~1.8 Ga marks the 628 
onset of another period of increased crustal growth during the Mesoproterozoic at rates 629 
similar to those before 2.8 Ga (Fig. 11c, 12). It is taken to be a regional signal in the 630 
evolution of South China, which broadly matches with the breakup of the Columbia 631 
supercontinent (Zhao et al., 2002). A tectonic switch from collision to extension dominated 632 
tectonics also occurred in the Yangtze Craton at ~1.85 Ga (e.g., Peng et al., 2012). This 633 
tectonic shift would have led to a decrease in the rates of crust destruction consistent with the 634 
onset of another rapid crustal growth period in the Mesoproterzoic. Thus, comparison of the 635 
crustal growth curve for South China with growth curves based on more global data sets, 636 
highlights the role of tectonics in shaping regional growth curves, specifically in the late 637 
Archaean and the Mesoproterozoic in South China. 638 
 639 
5.5 Variation of oxygen isotopes through time 640 
The oxygen isotopic composition of zircon reflects that of the parent magma. Previous 641 
studies have shown that Archean zircons tend to have low δ18O close to the mantle values 642 
(Spencer et al., 2014; Valley et al., 2005), and there is then a marked increase between ca. 2.4 643 
and 2.2 Ga (Spencer et al., 2014; Wang et al., 2009). This has been attributed to increases in 644 
the amounts of sediments involved in the source regions of the magmas from which the 645 
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zircons crystallized (Valley et al., 2005; Wang et al., 2009). Our data reaffirm these general 646 
features (Fig. 13), but the maximum δ18O values appear to follow the estimated variations of 647 
atmospheric oxygen levels. These remained persistently low throughout the Archean before 648 
the first significant rise between ca. 2.45 and 2.2 Ga, at the Great Oxidation Event (GOE) 649 
(Lyons et al., 2014 and references therein). Following Valley et al. (2005), an alternative 650 
model is that the step rise in zircon δ18O in the Early Proterozoic, from a limited range in 651 
δ18O throughout the Archean, is related to the Great Oxidation Event (GOE). The Archean 652 
sediments are dominated by immature volcanoclastic material, which were on average lower 653 
in δ18O (Veizer and Mackenzie, 2003), and so there was less elevated δ18O material available 654 
to incorporate into the magmas from which the zircons crystallized. Around the 655 
Archean/Proterozoic transition, the rise of oxygen and decrease of carbon dioxide in the 656 
atmosphere, which may be linked to the emergence of continent during the Neoarchean (Lee 657 
et al., 2016), facilitated weathering on the emergent crust and increased the maturity and the 658 
clay contents of the clastic sediments, with the result that would have had higher bulk δ18O 659 
(Valley et al., 2005; Veizer and Mackenzie, 2003; Dhuime et al 2015). Incorporation of these 660 
more mature sediments in the source of crustally derived magmas would then have resulted 661 
in the crystallization of zircon with higher δ18O around the Archean/Proterozoic transition 662 
(Fig. 13). 663 
 664 
6. CONCLUSIONS 665 
Detrital zircons from the upper Yangtze River show concordant age groups at 0–100 666 
Ma, 200–300 Ma, 400–500 Ma, 700–1000 Ma, 1800–1900 Ma and 2300–2500 Ma with a 667 
striking peak at 41 Ma diagnostic of magmatism on the Tibetan plateau. Zircons from the 668 
middle and lower Yangtze River and its tributaries exhibit broadly similar age groups at 100–669 
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300 Ma, 400–500 Ma, 700–900 Ma, 1800–2000 Ma and 2300–2700 Ma, except for the lack 670 
of Cenozoic zircons. 671 
The calculated crustal growth curve for South China, following the approach of Dhuime 672 
et al. (2012), has two inflections in crustal growth rates at ~2.8 and ~1.8 Ga. The older 673 
inflection at ~2.8 Ga is taken to indicate the initiation of plate tectonics in the Yangtze Craton, 674 
and it is slightly younger than the estimate of ~3.0 Ga from a global dataset of detrital zircons 675 
by Dhuime et al. (2012). The younger inflection at ~1.8 Ga matches the tectonic shift from 676 
collision to extension in the Yangtze Craton at ~1.85 Ga. Thus the higher growth rate in the 677 
Mesoproterozoic may be related to the breakup of the supercontinent Columbia in the 678 
Yangtze Craton. Compared to crustal growth curves based on global data sets (Belousova et 679 
al. 2010; Dhuime et al., 2012), the crustal growth curve for South China tends to show more 680 
step-like growth patterns, at least since 3 Ga. We propose that crustal growth in South China, 681 
at least since ~3 Ga, was controlled by changes in regional geodynamics, leading to changes 682 
in the rates of crustal growth, and hence the step-like patterns.  683 
Our zircon oxygen isotopic data show general features of worldwide zircon 684 
compilations but with higher δ18O values (Spencer et al., 2014; Valley et al., 2005). The 685 
increase in the maximum δ18O values took place at the end of the Archaean when 686 
atmospheric O2 levels were also increasing (Lee et al., 2016; Lyons et al., 2014 and 687 
references therein). It is argued that increased weathering resulted in an increase in the 688 
volumes of high δ18O sediments which were in turn remobilized in the generation of crustally 689 
derived magmas since ~ 2.5 Ga.  690 
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FIGURE CAPTIONS 708 
Fig. 1 A simplified geological map of the Yangtze River drainage area, modified from 709 
He et al. (2013). Thick blue curve indicates the mainstream of the Yangtze River and thin 710 
blue curves are its tributaries. Solid circles with sample numbers indicate the samples 711 
analyzed in this study. The small black area indicates exposed Archean Kongling Terrane. 712 
The letter “R.” is the abbreviation of “River”. The inset shows the tectonic divisions of 713 
China, where the filled blue area indicates the drainage area of the Yangtze River and its 714 
tributaries. CAOB= Central Asian Orogenic Belt; TC=Tarim Craton; NCC=North China 715 
Craton; TP=Tibetan Pleatou; NQT=Northern Qiangtang Terrane; SGFB= Songpan–Ganze 716 
Fold Belt; QDSOB=Qinling–Dabie–Sulu Orogenic Belt; YC= Yangtze Craton; CB= 717 
Cathaysia Block; ECS= East China Sea. 718 
  719 
 31 
Fig. 2 Representative cathodoluminescence and transmitted light images for detrital 720 
zircons from the Yangtze River sediments. 721 
 722 
Fig. 3 U–Pb concordia plots (a, b, c) illustrating the U–Pb ages of detrital zircons from 723 
the upper Yangtze River. The corresponding age distributions are shown in the right panel (d, 724 
e, f), where the density curves are based on the Kernel Density Estimation (Vermeesch, 725 
2012). 726 
 727 
Fig. 4 U–Pb concordia plots (a, b, c) illustrating the U–Pb ages of detrital zircons from 728 
the middle and lower Yangtze River. The corresponding age distributions are shown in the 729 
right panel (d, e, f), where the density curves are based on the Kernel Density Estimation 730 
(Vermeesch, 2012). 731 
 732 
Fig. 5 U–Pb concordia plots (a, b, c) illustrating the U–Pb ages of detrital zircons from 733 
the Han and Jialing rivers and a plot of all the zircons analyzed in this study. The 734 
corresponding age distributions are shown in the right panel (e, f, g, h), where the density 735 
curves are based on the Kernel Density Estimation (Vermeesch, 2012). Samples 09TTH04, 736 
09TTH02 and YNJSJ are from the upper reaches of the Yangtze River, and other six samples 737 
are from the middle and lower reaches of the Yangtze River. 738 
 739 
Fig. 6 Distribution of oxygen isotope δ18O values in concordant zircons from the 740 
Yangtze River (a–f) and its tributaries, the Han and Jialing rivers (g–i), and in all the 741 
concordant and discordant zircons plotted together(j). The density curves are based on the 742 
Kernel Density Estimation (Vermeesch, 2012), and the grey bars show the range of zircons 743 
with mantle-like δ18O of 4.7–6.0 ‰ (Spencer et al., 2014). 744 
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 745 
Fig. 7 Variations of εHf(t) as a function of zircon crystallization ages for the detrital 746 
zircons from the Yangtze River (a–f), its tributaries the Han and Jialing rivers (g–i) and all 747 
the zircons analyzed for Hf isotopes plotted together (j). The green solid lines labeled DM 748 
indicate the evolution line of depleted mantle (Griffin et al., 2002). Insets show the 749 
distributions of εHf(t). 750 
 751 
Fig. 8 Histogram of the crust model ages (TDM0.0115) for all the detrital zircons 752 
calculated assuming an average crustal 176Lu/177Hf ratio of 0.0115 (Rudnick and Gao, 2003). 753 
NQT=Northern Qiangtang Terrane; SGFB= Songpan–Ganze Fold Belt; YC= Yangtze 754 
Craton; NCB= Northern Cathaysia Block. Data sources: blue histogram in (a, b, c), this 755 
study; grey filled area in (b) from Zhang et al. (2014); grey filled area in (c) from Iizuka et al. 756 
(2010). Data sources in (d) are from Li et al. (2012) and He et al. (2013). 757 
 758 
Fig. 9 Variations of εHf(t) against U–Pb crystallization ages of detrital zircons from the 759 
Yangtze River and its tributaries, the Han and Jialing rivers. the thick solid lines labeled DM 760 
and CHUR indicate evolution lines of depleted mantle (Griffin et al., 2002) and chondritic 761 
uniform reservoir, respectively. Other solid lines denote arrays defined by detrital zircons 762 
with mantle-like δ18O (4.7–6.0 ‰) (filled circles) with derived 176Lu/177Hf ratios and 763 
correlation coefficients (R2). Regression of the array with the lowest εHf(t) also includes three 764 
zircons with δ18O of 6.06–6.56 ‰. Smaller open diamonds, open squares and open circles 765 
indicate detrital zircons with δ18O > 6.0 ‰, δ18O < 4.7 ‰ and without O isotopic data, 766 
respectively. Filled blue stars represent the 3.3–3.45 Ga magmatic zircons with mantle-like 767 
δ18O values from granitic gneisses in the Kongling Terrane (Guo et al., 2014). Open red stars 768 
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indicate the ~3.5 and 3.8 Ga detrital zircons from Neoproterozoic tillite and sandstone in the 769 
northern Yangtze craton (Liu et al., 2008; Zhang et al., 2006c). 770 
 771 
Fig. 10 Histogram of crystallization ages of detrital zircons, with the number shown on 772 
the left vertical axis, from the Yangtze River and its tributaries, the Han and Jialing rivers. 773 
Also shown are distributions of crust formation ages of zircons with mantle-like (4.7–6.0 ‰) 774 
(blue filled area), hybrid (> 6.0 ‰) (pink solid curve) δ18O, and the number of these zircons 775 
is shown on the right vertical axis. Crust formation ages, calculated using crustal-source 776 
176Lu/177Hf ratio of 0.020 obtained from Fig. 9 for all the zircons with mantle-like δ18O 777 
values, and upper crustal 176Lu/177Hf ratios of 0.0083 for zircons with elevated δ18O, are 778 
based on two-stage depleted mantle (TDM2) model ages. For all the data plotted the ‘number’ 779 
of detrital zircons is that within a time interval of 100 Ma. 780 
 781 
Fig. 11 (a) Distribution of detrital zircon Hf model ages with mantle-like oxygen 782 
isotopes (δ18O=4.7–6.0 ‰; Spencer et al., 2014) (green bins) representing new crust 783 
formation ages and hybrid model ages with oxygen isotopes outside the mantle-like range 784 
(grey bins). The circles represent the proportion of new crust formation ages in time intervals 785 
of 100 Ma based on detrital zircons with oxygen isotope data from this study (online 786 
supplementary Tables 1 and 2; n=448), volcaniclastic and clastic sedimentary rocks (Wang et 787 
al., 2011; n=74), middle to late Permian sediments (Li et al., 2012; n=257) and two 788 
Neoproterozoic sedimentary rocks LT07 and GCH01 (X. M. Liu’s paper in preparation for 789 
submission). The filled pink and orange circles define three curves (black curves), which 790 
denote the relationships of the proportion of new crust formation ages through time. Their 791 
regressions give Eqa. 1 and Eqa. 2, respectively. Two open circles are not included in the 792 
calculation. (b) Distribution of Hf model ages (black histogram), calculated new crust ages 793 
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(CNCA, green histogram) and reworked crust ages (RCA, orange histogram) based on U–Pb 794 
ages and Hf isotope data of detrital zircons from this study (n=817), Yangtze River sands 795 
(n=808) (Iizuka et al., 2010; He et al., 2013), volcaniclastic and clastic sedimentary rocks 796 
(Wang et al., 2011; n=74), middle to late Permian sediments (Li et al., 2012; n=257), 797 
Neoproterozoic sandstones and tillites (Liu et al., 2008; n=251) and two Neoproterozoic 798 
sedimentary rocks LT07 and GCH01 (Table 1) in the northern Yangtze Craton (X. M. Liu’s 799 
paper in preparation for submission). The calculated new crust ages, shown by green bins here, 800 
are calculated by: NCNCA = NHf model age*(Eqa. 1) and NCNCA = NHf model age*(Eqa. 2). 'N' in here 801 
and below equations represents the number of data for each time interval, and Eqa. 1 and Eqa. 802 
2 are obtained in (a). The reworked crust ages (RCA) are defined as the distribution of zircon 803 
crystallization ages that are at least 100 Ma younger than their corresponding Hf model ages, 804 
following the equation: NRCA = N(crystallization ages total) - N(crystallization ages = Hf model ages) (Dhuime et 805 
al., 2012). All the ages presented here are calculated in time intervals of 100 Ma. Also shown 806 
is the crustal reworking rate (CRR) through time (brown curve), which is calculated from 807 
distribution of the proportions of reworked crust (orange histogram) and new crust (green 808 
histogram), following the equation: CRR (%) = 100 [NRCA/(NRCA + NCNCA)]. Thus, the new 809 
crust generation rate (NCGR) through time can be obtained by the equation: NCGR (%) = 810 
100-CRR (Dhuime et al., 2012). (c) Crustal growth curves represented by cumulative crust 811 
formation ages are calculated using the same dataset as (b). The green dot-dash curve labeled 812 
“uncorrected” is cumulative proportions of Hf model ages. The green thick solid curve 813 
labeled “corrected” integrates the variations of the reworking rates (brown curve in (b)) in the 814 
calculations of the cumulative proportions of the newly formed crust through time. For 815 
comparison, also shown are the uncorrected (black dashed curve) and corrected (black thick 816 
solid curve) curves of Dhuime et al. (2012) for a worldwide dataset. The model ages in (a, b, 817 
c) are calculated for a depleted mantle source. 818 
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 819 
Fig. 12 Crustal growth curves of South China (green thick solid and dot-dash curves) 820 
taken from Fig. 11, compared with selected curves for the growth of the bulk continental 821 
crust. The green thick solid and dot-dash curves are corrected and uncorrected for crustal 822 
reworking through time based on oxygen isotopes of detrital zircons. The selected models for 823 
continental crustal growth are: 1 Hurley and Rand (1969), 2 Armstrong (1981), 3 and 4 824 
Belousova et al. (2010), 5 and 6 Dhuime et al. (2012). Apart from models 1 and 2, the plotted 825 
growth curves are based on studies of detrital zircons. Belousova et al. (2010) compiled the 826 
available global detrital zircon U–Pb age and Lu–Hf isotopic data and reported two crustal 827 
growth curves based on integration of crustal Hf model ages from a global dataset, and on the 828 
GLAM (Global Lithospheric Architecture Mapping) model. However, their results were not 829 
constrained by oxygen isotopes and they show gradual growth patterns. Curves 5 and 6 of 830 
Dhuime et al. (2012) are corrected and uncorrected for the rate of crust reworking based on 831 
δ18O, respectively.  832 
 833 
Fig. 13 Variation of δ18O against crystallization age for detrital zircons from the 834 
Yangtze River (filled circles) and its tributaries Han (filled squares) and Jialing (filled 835 
diamonds) rivers. Also shown are data for 2.5–3.45 Ga magmatic zircons of granitic gneisses 836 
(open squares) from the Kongling Terrane (Guo et al., 2014) and detrital zircons (open 837 
circles) from South China (Li et al., 2012; Wang et al., 2011). Dot-dash line is the maximum 838 
δ18O envelope of our and Guo et al. (2014) zircons. Horizontal bands show the ranges of 839 
mantle-like zircons with δ18O of 4.7–6.0 ‰ (Spencer et al., 2014) and the bulk continental 840 
sediments of δ18O=14.9±1.0 ‰ (2σ) (Spencer et al., 2014). The orange band shows the 841 
estimated variation of atmospheric oxygen relative to the present atmospheric level (PAL) 842 
with the scale on the right (Lyons et al., 2014 and references therein).843 
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*LT07 and GCH01 are from X. M. Liu's paper that is being prepared. 
Table 1   
Summary of sample information   
Sample Rock type Location Latitude (N˚) Longitude (E˚) 
09TTH04 Tuotuo river sand Golmud 34°13'14.22" 92°26'39.84" 
09TTH02 Tongtian river sand Qumarleb County 34° 2'8.82" 95°49'21.90" 
YNJSJ Jinsha river sand Lijiang 25°57'51.00" 101°52'48.00" 
JLJ02 Jialing river sand Chongqing 29°34'20.00" 106°34'58.00" 
CJ04 Yangtze river sand Chongqing 29°34'12.00" 106°35'5.00" 
HJ02 Han river sand Zhongxiang 31°11'12.42" 112°33'32.34" 
HJ01 Han river sand Wuhan 30°35'12.78" 114°12'2.10" 
CJ02 Yangtze river sand Wuhan 30°33'40.74" 114°17'43.80" 
CJ07 Yangtze river sand Shanghai 31°27'54.96" 121°24'47.70" 
LT07* Sandstone Yiching 30°33′26″ 111°03′21″ 
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δ18O=4.7-6.0 ‰ δ18O>6.0 ‰ δ18O<4.7 ‰
zircons without O isotopic data
Kongling granitic gneisses
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Fig. 11
Eqa. 1: Y = -9E-09X3+9E-05X2- 0.219X + 149.3
            R2=0.85
Eqa. 2: Y = -8E-05X2+ 0.265X -185.01





































Other South China detrital zircons from Neoproterozoic and Permian sediments
Han river Jialing river
Kongling granitic gneisses
Neoproterozoic Sandstone and tillite
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